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The atomic interface structure of implanted buried layers in (100) oriented Si substrates has 
been characterized by quantitative high-resolution transmission electron microscopy on 
cross-section specimens. The buried layers were produced by high-dose Co"*" ion implantation 
[100 and 200 keV Co+ ions, (1-2)X10'^ cm"^] at 350 and subsequent rapid thermal 
annealing at 750 and at 1150*C. Planar interface regions of high perfection with ddmains of 
different atomic interface structures, and interface steps, frequently with {111} facets, were 
observed. Comparison with computer-simulated images for various interface models yields 
evidence for mterface regions with six-fold and eight-fold coordination of the Co interface 
atoms. Furthermore, regions with interfaces showing a continuous transition as well as Co-rich 
interfaces were found. Measurements of the Schottky barrier heights have been performed and 
show smaller values for the upper CoSii/w-SKOOl) interfaces than for the lower ones. Possible 
correlations between the interface structures and the resulting electronic properties are 
discussed. 



I. INTRODUCTION 

High-dose implantation of Co"^ ions at medium ener- 
gies and temperatures into Si substrates followed by sub- 
sequent annealing allows the production of continuous 
buried CoSij layers. ^"^ This technique, generally referred to 
as "mesotaxy",^ can be used to fabricate synthetic struc- 
tures that utilize the favorable properties of these metallic 
silicide layers, such as their stability to high-temperature 
anneals, their low specific electrical resistivity of typically 
about 15 fiCl cm, and their perfect epitaxial growth because 
of a crystal structure with a lattice mismatch with Si of 
only —1.2%. Such epitaxial silicides are of growing inter- 
est because of applications in electronic solid-state devices 
such as metal-base^ or permeable-base transistors,*'*^ and 
as contact or interconnect materiaL^ 

In (001) Si substrates the interfaces of buried CoSij 
layers are generally faceted, in contrast to atomically 
smooth interfaces of silicide layers found in (111) Si sub- 
strates. Such {111> interfaces are energetically favored.^ 
Interface models, initially proposed for the atomic struc- 
ture of NiSij/SKOOl) interfaces, consider two possible 
atomic structures with six-fold and eight-fold coordinated 
metal atoms in the interface.' The existence of such inter- 
face structures could be identified in high- resolution trans- 
mission electron microscopy (HRTEM) studies of 
NiSi2/Si(001) interfaces' and of CoSi2/Si(001) 
interfaces.'** Recently, a (2X 1) reconstruction of Si dimers 
was proposed as a stable structure of CoSi2/Si(001) inter- 
faces grown by molecular beam epitaxy.^' A Si-rich inter- 
face structure with dimer configuration was proposed from 
extended HRTEM investigations of ion-implanted CoSij 
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layers. A different interface reconstruction was found us- 
ing Z-contrast imaging in scanning transmission electron 
microscopy." 

In view of possible technical applications in fast tran- 
sistors it is of particular interest to have a detailed knowl- 
edge of the correlation of the atomic interface structure 
vnth electronic properties. The interface structure should 
have a decisive influence on the electrical properties, such 
as barrier heights (SBH) of CoSi2/Si(001) Schottky di- 
odes. According to theoretical considerations about 
Schottky barrier heights the position of the Fermi level at 
the interface is influenced by different structure parame- 
ters, such as work functions, electron affinity, and charge 
densities m the interface regions. Crystal defects in the 
interface are considered in the concept of Fermi-level pin- 
ning. It could be shown experimentally that the SBH is 
influenced by interface orientations. For a NiSi2/rt-Si(001) 
a SBH of 0.4 eV was measured, whereas for a 
NiSi2/K-Si( 111)5 interface 0.79 eV was determined.^* For 
Si(lll) differences of the SBH also occur for twinned B 
and nontwiimed A crystal transitions and A/A/A hetero- 
structxires, respectively.'^ Such large SBH differences for 
the same material combination cannot be explained by a 
Fermi-level pinning mechanism. The atomic structure of 
the interface itself, i.e., coordination of metal atoms and 
point defects in the interface, is expected to strongly influ- 
ence the SBH.'* 

In this paper we describe a HRTEM study of the 
atomic structure of the CoSi2/Si(001 ) interfaces of contin- 
uous buried layers formed by high-dose implantation and 
subsequent rapid thermal aimealing. The experimental re- 
sults are discussed in the context of the formation of such 
layers and of the possible influence of different interface 
structures on the Schottky barrier heights. 
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II EXPERIMENTAL 

The buried CoSii layers have been produced by 100 
and 200 keV Co"*" hnplantation into Si (001) substrates at 
350 'C with doses of (l~2)XlO^^ cm'^ followed by sub- 
sequent annealing at 750 for 30 s and at 1 150 "C for 10 
s using rapid thermal annealmg (RTA) in high-purity ar- 
gon. Before annealing, the implanted substrates were 
capped with 200-nm-thick Si02 layers. This procedure re- 
sulted in interconnected CoSi2 layers with a typical thick- 
ness of about 80 nm at a distance of 90 nm below the 
substrate surface for the higher implantation energy used 
(Fig. 4), in good agreement with Rutherford backscatter- 
ing analysis.*"* 

Cross-section specimens for HRTEM were prepared 
by mechanical dimpling and Ar"** ion milling at 5 keV on a 
liquid-nitrogen-cooled specimen stage. The final polishing 
was carried out at a lower ion energy to minimize sur&ce 
damage. 

The HRTEM observations were made in a JEOL- 
4000EX operated at 400 kV (spherical aberration coeffi- 
cient Cj=l nmi), using the <110> zone axis of thin speci- 
men sections (thickness t<l5 nm). Conventional bright- 
field difiiaction contrast TEM was applied to characterize 
defects and the interface roughness over larger interface 
areas. Imaging conditions were selected to facilitate inter- 
pretation of the many-beam lattice image contrast. This 
relates to the exact alignment of the specimen as well as the 
electron beam with respect to the optical axis and appro- 
priate defocus values. In our study analyses of the image 
details included the determination of the {002} lattice 
plane distance across the interfaces, the shift of the {1 1 1} 
planes inclined to the (001) interface, as well as the geo- 
metrical arrangement and intensity of contrast details, as 
discussed in more detail in the following section. The ac- 
curate determination of defocus values in a through-focus 
series is aggravated by variations of the accelerating volt- 
age and by mechanical vibrations during the exposure of 
photographic plates. To overcome this problem computer- 
controlled trough-focus series have been taken using a 
slow-scan CCD camera (see, e.g., Fig. 7). For the deter- 
mination of the objective lens defocus during imaging of 
the wedge-shaped electron microscopy specimens used the 
analysis of Fresnel fringes at the interfaces turned out to be 
more accurate than an analysis of amorphous edge regions 
near the interfaces. 

Concerning the fabrication of Schottky mesa diodes a 
detailed description of the diode technology can be found 
in Refs. 6 and 17. The Schottky barrier heights of the 
upper and lower interfaces were determined by /-F, C-F, 
and I'T measurements for samples which were prepared 
using the same implantation and annealing conditions as 
applied for the HRTEM samples. Details of the I-T and 
C'V measurements are given in a separate paper. ^® 

111. IMAGE SIMULATIONS OF INTERFACE 
STRUCTURES 

For the correct interpretation of HRTEM image de- 
tails on an atomic scale a quantitative comparison with 
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FIG. 1. CrystaUographic models of CoSii/SKOOl) interfaces in < 110) 
projection. The sificide lamellae with the two possible interface orienta- 
tion variants are embedded into the Si matrix; its upper interfaces have 
configuration I ([110] viewing direction)* its lower interfaces have con- 
figuration II ([iTO] viewing direction), (a) Model 1: six-fold coordinated 
Co interface atoms (Si atoms dark, Co atoms bright), (b) Model 2: 
eight-fold coordinated Co atoms, Si-rich interface, (c) Model 3: Co-rich 
interface. Bond lengths and angles between interface atoms are preserved. 



simulated many-beam images for the corresponding speci- 
men and imaging parameters is required. Such numerical 
image simulations were performed using the multislice al- 
gorithm of the EMS software package.*' Three different 
models for the atomic CoSi2/Si(001) interface structure 
are discussed in the following, which are characterized by 
different binding configurations of the Si and Co atoms in . 
the interface (Fig. 1). 

The first structural model of the (001) interface is 
based on the idea of preserving symmetry elements of both 
crystal lattices, such as mirror axes and mirror glide 
planes, and was already proposed for the NiSi2/Si(001 ) 
interface.' In this case the Co atoms at the interface are 
sitting on a former Si atom position and are six-fold coor- 
dinated [Fig. 1(a)]. Experimental observations are per- 
formed in two <110) crystal orientations (or projections): 
in [110] projection the Co atom at the interface sits in 
{001} direction below a Si atom of the Si lattice (config- 
uration I); in the perpendicular [iTO] projection the Co 
atom is shifted by <z/4<lll) (a = lattice constant of Si) 
from a Si lattice site (configuration H). Dangling bonds of 
the Co atoms can be saturated by additional Si atoms re- 
sulting in the interface model 2, in which the Co atoms are 
eight-fold coordinated. The corresponding <110> projec- 
tions of these two models are shown in Figs. 1 (a) and 1(b) 
for a CoSi2 lamella embedded in the Si matrix, with the 
upper interface representing configuration I ([110])^and 
the lower interface representing configuration II ([110]). 
In comparison to model 1 structure model 2 is character- 
ized by a Si-rich interface. A third model considered in the 
interpretation of the interface images is that of a Co-rich 
interface which contains an additional layer of ionically 
bonded Co atoms [model 3, Fig. 1 (c)]. These Co atoms are 
bonded to the Co atoms in the silicide and shifted by 
a/4<lll). This interface structure is proposed because it 
can explain best the image contrast behavior of interface 
regions close to interface terraces and steps (Sec. IV). 

Computer-based image simulations using these models 
were carried out for <110) lattice projections to establish 
conditions for the crystal thickness / and the defocus of the 
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FIO. 2. Computer simulations of the image contrast as a function of the specimen thickness t and the defocus value of the objective lens. A/, for 
CoSij/SiCOOl) interfaces of structure l{a) and of structure 2Cb) in <U0> projection. The images are calculated for a CoSi, lamella embedded in the Si 
matrix with the two interface projections I C[1101, upper interface) and U ([110], lower hiterface), according to Fig. 1. Positive A/ values denote 
underfocus. 



objective lens, A /. This search concerned the influence on 
image contrast of the amplitude and phase of the {002} 
wave fields, which are different for CoSii compared to Si, 
and Fresnei diffraction contributions at large defocus val- 
ues due to the difference of the inner potentials. Examples 
for such defocus — thickness series of image calculations for 
the experimentally relevant range of parameters (r,A/ ) — 
are shown in Figs. 2(a) and 2(b) for model 1 and model 2, 
respectively, and in Fig. 3 for model 3, configuration IL 
The major results of the image simulations, which are of 
importance for interpretation of the experimental images of 
the CoSi2/Si interfaces, can be summarized as follows: 

(i) In the range of 20 nm overfocus and 50 nm under- 
focus the lattice structure of the interface is clearly visible 
without stronger disturbances by Fresnei diffraction. 

(ii) Near the CoSi2/Si(001) interfaces pronounced 
shifts in the {111} and {200} lattice plane fringes are ob- 
served that are characteristic of the different interface 
structures. A similar behavior has also been described for 
NiSij/SidU),^^^^ for CoSii/SKUl),^^^ and for 
CoSi2/Si{001).*°*" The accuracy of measurements of rigid 
shifts across interfaces is 0.03 nm, 

(iii) For all three interface structures [Figs. 1(a)- 
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FIG. 3. Computer simulations of the image contrast of CoSi2/Si(001) 
interfaces of model 3 [Fig. l(c)3 in (1 10) projection as ftinction of the 
specimen thickness r and the defocus value A/. Positive A/ values denote 
underfocus* 
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FIG. 4. Cross-section TEM bright-field image of a buried CoStj layer of 
about 80 nm thickness in Si((X)l) formed after 200 keV Oo*^ implanta- 
tion. The upper interface depicts steps with {111} facets. Dislocations 
formed by ion implantation and thermal annealing are visible in the Si 
substrate. Electron beam parallel to interfaces and ( 1 10) lattice direction. 



1(c)] configuration I is characterized by a Z-shaped shift 
of the {111} planes, whereas in the case of configuration II 
an opposite (5-shaped) shift of these planes is observed. 
The {002} lattice plane distance of 0.27 nm is changed at 
the interface. For model 1 and 2 it amounts to 0.34 nm for 
orientation relation I and to 0.20 nm for the orientation, 
relation II, respectively. The shifts of the {111} planes 
across the interfaces amount to =t0.04 mn (l/Stf^my) for 
these crystallogiaphic models. For the case of the interface 
structure represented by Fig. 1(c) the shift of the {111} 
planes amounts to ±0.12 nm ({3/8^{iii}), and the dis- 
tances of the {002} lattice planes are increased by 0.14 nm 
in comparison to the corresponding distances of configu- 
ration I and configuration II of models 1 and 2, respec- 
tively. 

(iv) The computer simulations show that the image 
intensity of the Si-rich (002) lattice plane is slightly higher 
in comparison to that in model 1. The intensity differences 
depend on the defocus and are within about 10%. A clear 
distinction between these interface structures can therefore 
only be successful at a precise microscope and specimen 
alignment. 

fV. EXPERIMENTAL RESULTS 

Figure 4 shows a <1 10) cross-sectional view of a buried 
CoSi2 layer. The upper and lower interfaces as well as 
dislocations in the adjacent Si substrate are visible. The 
average layer thicknesses are about 40 and 80 nm for Co"*" 
implantations with an energy of 100 and 200 keV, respec- 
tively. In many cases these layers show relatively smooth 
lower interfaces, whereas the upper interfaces are rough- 
ened by terraces with height differences of up to 10 nm. 
Analyses of these terraces show that they are very often 
bound by {111} facet planes. The ^locations in the region 
below and above the buried silicide layers are a result of the 
implantation and annealing procedure. Whereas the CoSi2 
layer itself is free of defects, misfit dislocations exist at the 
interfaces. 



FIO. 5. Comparison between experimental and simulated Onset) images 
of a model 1 interface (configuration I) at a defocus value of 16 nm (left) 
and of 48 nm (right). For imaging an objective aperture has been chosen 
which includes reflections up to {004} and provides a low damping of the 
envelope of the contrast transfer function. 

HRTEM lattice images of interfaces show as the most 
important result that regions or domains with different 
atomic interface structures exist for both upper and lower 
interfaces. At the lower interfaces of the buried CJoSi2 lay- 
ers interface regions with structures related to models 1 
and 2 seem to dominate where the Co atoms are six-fold 
and eight-fold coordinated, respectively. Under appropri- 
ate imaging conditions it is possible to differentiate between 
structure 1 and structure 2 (Fig. 2), In the latter case the 
interface contains additional Si atoms» and the contrast of 
the (002) interface plane is increased by about 10% (Sec. 
III). Based on such comparisons lattice images of regions 
at the lower interface can be matched perfectly in many 
cases by the structure of model 1 with a six-fold Co atom 
coordination [Fig. 2(a)]. Figure 5 shows as an example 
experimental lattice images for two defocus values together 
with the corresponding simulated images. 

A third kind of interface structure could be found in 
sample regions where the upper silicide interface was 
rou^ened by formation of terraces. Occasionally this in-: 




FIG. 6. HRTEM micrograph of a CoSii/SiCOOl) Co-rich interface region 
(model 3, configuration II) in <U0> projectioiL The intensity profile 
indicates the additional shift of the (002) plane at the interface in [001] 
direction of 0.14 nm. The shift of the {111} planes is also indicated. 
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FIG. 7- Comparison between an experimental (upper part) and a simu- 
lated (lower part) defocus series of an interface structure of model 3, 
configuration I (orientation [1 10]). The defocus values / are given in nm 
(insets); the specimen thickness is estimated to lie between 5 and 8 nm. 
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FIG. 8. Different types of crystallographic transitions between the Si 
matrix and the silicidc: atomically sharp transition at the lower interface 
(left, A); continuous transition, which was often observed at the upper 
interface (right, B) for two different defocus values. The intensity profiles 
(below) indicates a transition within about five (002) planes for the 
latter case. 



terface structure was also observed at steps in the lower 
interface to the bulk. Figure 6 shows the typical HRTEM 
image contrast at an underfocus of about 32 nm in <110) 
projection with an additional chain of brighter spots being 
characteristic of interface images taken under such condi- 
tions. Computer simulations based on structure model 3 
were performed in order to explain the image contrast of 
this interface. Furthermore, for these interfaces a {002} 
lattice plane distance of 0.34 nm (configuration I) or 0.41 
nm (^002+0. 14 nm, configuration II) and displacements of 
the crossing {111} planes of ±0.1 nm have been measured 
which are in good agreement with the corresponding ex- 
pected values for the proposed interface structure 3 (Sec. 
III). Figure 7 shows as example a section of a computer- 
controlled through-focus series of an interface region and a 
series of simulated images using structure model 3, config- 
uration I, From this comparison it can be concluded that 
this interface represents the Co-rich interface (structure 
model 3) where the Co interface atoms are four-fold and 
six-fold coordinated. 

Figure 8 shows an example of an interface region with 
a continuous transition from the Si lattice to the siUcide 
lattice. The image depicts on the left side the lower inter- 
face with a sharp transition, visible also in the profile plot 
of the {002} planes. The images on the right side show the 
upper interface for two different defocus values. The cor- 
responding profile plot shows clearly that a continuous 
transition region exists of a width of about 5 (002) planes. 

In addition to the interface images described above we 
found indications in HRTEM images for interface contrast 
compatible with a (2X1) reconstruction (not shown) as 
has been discussed in the literature. "'^^ We observed such 
a structure mainly in smooth extended silicide interface 
regions. 

As demonstrated above, HRTEM investigations of in- 
terfaces on an atomic scale show as the most important 
novel result regions or domains with dififerent atomic in- 
terface structures for both interfaces. Analyses of the abun- 
dance of the different interface structures at the upper and 
lower interfaces of the buried layers show the following 
trends: 

(i) Type 1 interface regions with six-fold coordinated 
Co interface atoms are most frequently observed and dom- 
inate at the lower interfaces. 

(ii) Si-rich interface regions (model 2) with eight-fold 
coordinated Co interface atoms are observed less fre- 
quently and predominantly at the lower interfaces. 

(iii) Interfaces whose HRTEM images can be related 
to a Co-rich type (model 3) with four- and six-fold coor- 
dinated Co interface atoms are frequently observed near 
steps and terraces at both interfaces but predominantly at 
the upper inteiifaces. 

(iv) Interface regions with continuous transitions be- 
tween the silicide layer and Si were only observed at the 
upper interface. 

The following types of interface dislocations could be 
identified: (i) misfit dislocations of the Lomer type {b^a/ 
2<110> ), which do not change the coordination of the Co 
interface atoms in adjacent regions, and (ii) small disloca- 
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FIG. 9. Steps and facets at the interface (a) Step at the upper interface in 
<HQ) projection. The step is 0.8 nm high and shows a {1 11} facet asso- 
ciated with an orientation change from configuration I to configuration II. 
(b) Small step at the lower interface (structure model 1 ) extending over 
a height of six (002) planes. This step is not associated with a change of 
the configuration. 



tions with a Burgers vector of ^=a/4<lll>. The latter 
type of dislocation is connected with a change of coordi- 
nation of the Co atoms. The role of these dislocations for 
the strain relaxation of the CoSi2 layer has been discussed 
earlier. Typical of the silicide interfaces observed in this 
study are also small steps with heights of several (002) 
plane distances (Fig. 9). Interface planes adjacent to the 
step often represent different orientation variants corre- 
sponding to configurations I and II, respectively [Fig. 
9(a)]. This configuration change is associated with an ef- 
fective local expansion of the Si lattice along the interface 
by a Burgers vector ^=a/4<lll) and, therefore, contrib- 
utes to the misfit accommodation between Si and the sili- 
cide layer. Terraces with interface faceting on {1 11} planes 
are observed especially for silicide layers which were 
formed during annealing at longer times. 

From electrical characterizations using I-V, I-T, and 
C-V measurements different average Schottky barrier 
heights obtained for the CoSi2/«-Si(001) top and 

bottom diodes. Figure 10(a) shows typical results of I-V 
measurements for diodes with two different diode areas. 
The top diodes show excellent ideality factors, /2=1.03, 
and a good area dependence whereas the bottom diodes 
exhibit worse values, and the forward current does not 
scale exactly with the diode area. This may be attributed to 
the end-of-range damage in the Si below the silicide layers, 
to the higher barrier height of the bottom diodes, or to 
inhomogeneities of the Schottky barriers (Sec. V). From 
experiments with Pt/Si diodes (Sec. II) and from the re- 
sults of the top diodes the dominance of edge currents in 
/- V characteristics of the bottom diodes can be excluded. 
The comparison between /-F and area-independent l-T 
measurements shows the same value for the SBH (within 
the accuracy of the measurement). The details of the I-T 
and C-F measurements are given in a separate paper. The 
current-voltage curves if plotted semilogarithmically show 
nonlinear sections in forward directions especially for bot- 
tom diodes, in agreement with simulations of the electron 
transport of nonhomogeneous Schottky barriers.^^ Never- 
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FIG. 10. (a) liV) characteristics of two typical top and bottom diodes 
fabricated by 100 keV implantations and measured for two different diode 
areas; average ideality factors for top diodes: /?= 1.03, for bottom diodes: 
11=^1.35 ( — ) and n=lA ( — ), (b) Average Schottky barrier heights vs 
ideality factor n for various samples and implantation energies indicated. 



theless, there exists a clear difference in the SBH of ap- 
proximately 0.11 eV between the top and bottom diodes, 
independently on the diode quality as given by the ideality 
factor [Fig. 10(b)]. The average SBH is nearly indepen- 
dent on ideality factor, implantation energy, and dose. For 
the top interface a value of 0.67 ±0.03 eV was observed, 
for the bottom interface a value of 0.78 ±0.03 eV, respec- 
tively. 

V. DISCUSSION 

The formation of buried cobalt disilicide layers in 
(001) Si and (lll)Si substrates during thermal annealing 
is the result of a coarsening of the precipitate arrangements 
formed initially during implantation.^^'^'^"^^ Associated 
with this coarsening process is a considerable redistribu- 
tion of implanted Co in precipitates within the implanted 
region.^^"^^ Prolonged anneals at high temperatures (7* 
>1100'C) for (001) Si may lead to a breakup of the 
interconnected CoSi2 layer and formation of a CoSi2 struc- 
ture with predominantly {111} interfaces.^^ We can as- 
sume therefore that the layers investigated represent inter- 
mediate stable layer configurations which are transformed 
by diffusional processes at the higher annealing tempera- 
tures of <1150''C. This transformation leads to smoothed 
(001) interfaces or, at the later stages, to roughening pos- 
sibly resulting in a breakup of the layers.^^ The observed 
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types of interface structures can be considered as different 
stages of this dynamic process. The formation of predom- 
inantly {001} interfaces for annealed layers must be gov- 
erned by diffusional processes in the matrix or along inter- 
faces during rapid thermal annealing. 

The lower {001> interface is very smooth, with only a 
few steps. The interface structures of model 1 (Fig. 5) 
where Co atoms are six-fold coordinated are found to be 
typical of this interface. This type of interface structure 
was also reported recently for buried CoSi2 layers formed 
by ion beam synthesis. Two variants of interface domains 
exist referred to as configurations I and II, respectively. 

The presence of interface regions with the structure of 
model 2 where Co atoms are eight-fold coordinated was 
also found although less frequently. Recent structural en- 
ergy calculations, although for CoSij/SiClll) interfaces, 
showed that eight-fold coordination of Co atoms leads to a 
low-energy interface.**^' Such an interface is characterized 
by an additional layer of Si interface atoms which might be 
generated by a kick-out mechanism of regular atoms in the 
adjacent Si as the result of the topotaxial reaction [Fig. 
Kb)]. As a variant we found at smooth {001} interface 
sections indications for a structure compatible with a 
(2X1) interface reconstruction of Si atoms (Sec. IV). 

The upper interfaces show additionally interface re- 
gions which can be interpreted by the Co-rich interface 
structure related to model 3 (Figs. 6 and 7). This interface 
structure is frequently observed near terraces. Co atoms 
are four-fold and six-fold coordinated in this model (Sec. 
III). Our observations of this atomic interface configura- 
tion indicate that interface regions with locally higher Co 
concentrations form in connection with the diffusion of Co 
along the silicide-silicon interfaces during annealing. From 
studies of the formation of thin CoSi2 fihns it has been 
concluded that the metal atoms constitute the more mobile 
species during the diffusion and that formation of CoSij 
occurs mostly through the motion of metal atoms."^^^"^ The 
formation of continuous CoSij layers with {001} interfaces 
during the later stages of annealing seems to be connected 
with preferential diffusion of Co along the interfaces. The 
atomic arrangement of Co-rich interface regions, for which 
the structure model 3 is proposed [Fig, 1(c)], is therefore 
presumably metastable, and the existence of other forms is 
Ukely. 

A unique feature of the upper interface is the presence 
of regions with continous transitions, as opposed to an 
atomically abrupt lower interface (Fig. 8). Although the 
atomic structure of this continuous interface is not clear 
yet it seems imlikely that steps at the interface running 
perpendicular to the viewing direction are responsible for 
the observed asymmetry in the lattice images since steps 
are present at both interfaces as can be seen in Fig. 9. This 
asymmetry in the occurrence of such interfaces with con- 
tinuous transitions may reflect differences in the dynamical 
processes leading to changes of. the interface morphology 
during rapid thermal annealing. 

The silicides CoSi2 and NiSi2 are unique in that they 
form epitaxial Schottky barrier interfaces of atomically 
high perfection with Si.^'^^ For CoSi2/Si{001) diodes 
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FIG. 11. Correlation of interface structure with SBH values for ion- 
implanted CoSij/n-Si(001) layers (schematic), with {111} facets and 
doniinant atomic interface structure, as given by (rt)-fold Co interface 
atom ooordination. 

which were fabricated under experimental conditions iden- 
tical with those used in the fabrication of the CoSi2 layers 
investigated by HRTEM clear differences are measured for 
the Schottky barrier heights of the top and bottom inter- 
faces, respectively (Sec. IV). The differences in type and 
local distribution of the atomic interface structures of the 
lower and the upper metal-senuconductor interfaces of the 
buried silicide layers are suggestive of fit correlation with 
this result. The observations relevant for such a correlation 
concern the following differences: 

(i) the different atomic interface structures: the Co- 
rich interface (model 3) is found predominantly at the 
upper interfaces for which a smaller SBH of 0.67 eV was 
measured. Similarly^ interfaces with continuous transitions 
are present only at the upper interface. Interface structures 
with six-fold and eight-fold coordination of Co interface 
atoms, respectively, are predominantly found at the lower 
interfaces for which the larger SBH of 0.78 eV was mea- 
sured; 

(ii) the small but different fraction of {111} interface 
structure at facets and steps; 

(iii) the interface defects, such as dislocations and 
their associated strain effects. Such defects are expected to 
have only a limited influence on the SBH. 

Differences in Schottky barrier heights have also been 
observed recently for ^fiSi2/Si{lll) interfaces of A- and 
B-type orientation and attributed to differences of the 
atomic interface structures. ^"^'^^ Based on defect density 
measurements at such interfaces, defects were ruled out as 
a possible reason for the different Schottky barrier 
heights.^^ In a recent theoretical study for NiSi2, the dif- 
ference was attributed to a different charge transfer be- 
tween the NiSi2 layer and the Si substrate.^^ The charge 
transfer between metal and semiconductor across the in- 
terface may be modeled by the difference between the 
metal and semiconductor electronegativities.^* The 
Schottky barrier height is determined by the electric dipole 
moment normal to the interface, Le., by the charge transfer 
and the distance normal to the interface over which this 
transfer takes place. This distance will depend upon the 
geometrical arrangement of interface atoms, i.e., the coor- 
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dination of Co interface atoms, and therefore upon the type 
and distribution of interface structures which are found to 
be different in our case for the upper and the lower inter- 
faces. On the other hand, the presence of a higher areal 
density of steps and {111} facets and of regions with a 
continuous transition at the upper CoSi2/Si(001) inter- 
faces should also be relevant for the observed lower values 
of the Schottky barriers. Figure 1 1 shows a schematic rep- 
resentation of the structure of the upper and lower 
CoSi2/Si(001) interface together with the dominant Co 
interface atom coordinations and the average Schottky bar- 
rier heights measured for n-Si substrates. Our results sug- 
gest a correlation of smaller SBH values with smaller Co 
interface atom coordination with possible contributions 
from {111} facets. This conclusion is therefore in support 
of the idea^'"*' that the current transport across the metal- 
semiconductor interface is determined by locally different 
Schottky barriers. 

VI. CONCLUSIONS 

Structural investigations by quantitative high- 
resolution transmission electron microscopy and electrical 
measurements of Schottky barrier heights have been per- 
formed on interfaces of buried implanted CoSi2 layers 
in (001) oriented Si substrates and have led to the 
following results: 

(i) Under the conditions of implantation and rapid 
thermal annealing treatment applied the buried 
CoSi2/Si(001) layers are characterized by excellent epitax- 
ial growth and relatively smooth {001} interfaces. The up- 
per interfaces are more roughened and are often bound by 
{111} facet planes. 

(ii) Three different types of atomic {001} interface 
structures were observed (Fig. 1): six-fold coordination of 
the Co interface atoms, eight-fold Co coordination repre- 
senting a Si-rich interface, and Co-rich interfaces for which 
the Co interface atoms can be six-fold and four-fold coor- 
dinated and for which the structure model 3 is proposed. 
Co-rich interfaces are found predominantly in regions near 
steps and facets and are more frequently observed at the 
upper interfaces. Our proposal of a novel Co-rich interface 
structure is consistent with considerations about the for- 
mation process of the buried layers. 

(iii) The observations of Co-rich interface regions 
preferentially near steps and {111} facets indicate that Co 
difilision takes place along the interfaces eventually leading 
to energetically metastable interface configurations. As 
shown by earlier studies (Sec. IV) both the formation pro- 
cess resulting from precipitate coarsening, as well as the 
decomposition of interconnected continuous buried CoSi2 
layers, are associated with a considerable redistribution of 
Co within the implanted regions. Therefore one has to ex- 
pect also that different interface structures on an atomic 
scale, resulting from the dynamic changes in layer mor- 
phology during annealing, can be observed at room tem- 
perature, i.e., when the Co redistribution during layer for- 
mation has ceased. Our results confirm this view. 

(iv) The asymmetry between the atomic interface 
structures observed at the lower and the upper interfaces is 
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the likely origin for differences in the Schottky barrier 
heights measured for top and bottom CoSi2/Si (001) 
Schottky diodes (Figs. 10 and 11). 
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